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(54) THIN-FILM BATTERY AND METHOD AND DEVICE FOR MANUFACTURING IT 

(57) A compact, light-weight battery having a high 
energy density, in which each dielectric thin film (10) is 
interposed between conductive films serving as elec- 
trodes (9) to store electrical energy. The thickness of the 
thin-film (10) is determined by the expression, E « d 2n " 
\ where E is the electrical energy, d is the thickness of 
the dielectric thin films, and the exponent (n) is no more 
than 0.5. 
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Description 
TECHNICAL FIELD 

s The present invention relates to a thin-film battery and a method and device for manufacturing a thin-film battery, 
and more particularly to a secondary battery. 

BACKGROUND ART 

10 Storage batteries are currently the most popular rechargeable batteries (secondary batteries), particular examples 
of which include lithium batteries, nickel batteries, and manganese batteries. A battery is a device that converts electri- 
cal energy to chemical energy for storage, and is composed of a combination of positive electrodes, active mate- 
rial/electrolyte/active material, and negative electrodes. Electron conducting materials are used for the positive and 
negative electrodes, ion conducting materials are used for the electrolyte, oxidation agents are used for the positive 

is electrode active material, and reducing agents are used for the negative electrode active material. 

All, however, feature the use of chemical reactions, making the solvent constituting the electrolyte indispensable. 
The solvent density is 0.7 to 1 .6 g/cm 3 , and this accounts for most of the battery volume and weight. Since the energy 
density of current secondary batteries is thus about 42 Wh/kg, a certain volume and weight is needed for the energy 
that is to be stored, making the volume and weight of the electrolyte a major issue in applications for electrical automo- 

20 biles or solar cars. For example, when energy corresponding to 40 L of gasoline is stored, the fuel cell has a volume of 
200 L and a weight of 400 kg, and must therefore occupy the rear seat or luggage compartment. 

Efforts to store the same energy in conventional laminated types of ceramic capacitors have not solved the basic 
problem because the dielectric constant would be 10,000, the film thickness would be 1 urn, and the dielectric break- 
down strength would be 10 5 V/cm, with an estimated volume of 20,000 L and a weight of 1 .2 x 10 5 kg. 

25 In view of the foregoing, an object of the present invention is to provide a compact, light-weight battery with dramat- 
ically higher energy density. 

SUMMARY OF THE INVENTION 

30 The first of the present inventions is a thin-film battery in which dielectric thin films are interposed between conduc- 
tive films serving as electrodes to store electrical energy, characterized by comprising dielectric thin films having a thick- 
ness established by the following formula 



35 

where E is the electrical energy that can be stored, d is the thickness of the dielectric thin films, and the exponent n is 
no more than 0.5. 

A Bao.5Sro.5nO3 thin film or the like is preferably used for the dielectric thin films. 

The dielectric thin film referred to here indicates one having the property of storing an electric charge when an elec- 
40 trical field is applied. Examples of dielectric thin films include Bao. 5 Sr 0 5T1O3, SrTi0 3 , and MgNb0 3 , as well as 
Pb 0 .99Nbo.o2((Zno.8Sn 0 .4)o.94*no.o6)o.9803. Pbo.97Lao.02Zro.66Sno.24Tio.10O3* and other such antiferroelectricthin films. 

The dielectric thin film is preferably characterized by comprising a multilayered structure of two or more laminated 
layers. 

Trie thin-film battery is even more preferably characterized by comprising a multilayered structure of two or more 
45 layers laminated on the surface of a flat substrate. 

The second of the present inventions is characterized by comprising: a cylindrical or columnar substrate; a four- 
layered laminate structure consisting of a first thin-film electrode, a first dielectric thin film, a second thin-film electrode, 
and a second dielectric thin film, spirally wound around the surface of the substrate; and first and second output elec- 
trodes attached to the first and second thin-film electrodes. 
50 The substrate is preferably characterized by comprising a lanthanum strontium gallate (LaSrGa0 4 ) monocrystaJline 
substrate. 

The first and/or second thin-film electrode(s) are/is preferably characterized by comprising any of Bi 2 Sr 2 0 6 . x (0 £ x 
£ 0.5), Ca^xSrxRuOa (0.4 <; x £ 0.6), SrCr0 3 , Er^xNbxOa (0 £ x £ 0.3), BaPb0 3 , YBa 2 Cu 3 07, Nd 2 . x Sr x Cu0 4 (0.1 £ x <; 
0.5). La 2 -xSrxCu0 4 (0.1 «£ x <; 0.5), and NbxSr^TiO;^ (0.0001 £ x <S 0.001). 
55 Here too, Ba 0 .5Sr 0 5 Ti0 3 thin films, SrTi0 3 , and MgNb0 3 , as well as Pbo.99Nb 0 .o 2 (( Zn o.8 Sn o.4)o.94 Ti o.06)o.98 0 3. 
Pbo.gyLao.oa^o.eeSty^o.ioOs. and other such antiferroelectric thin films are effective as dielectric thin films. 

The third of the present inventions is a method for manufacturing a thin-film battery, comprising the steps of: a bat- 
tery-forming step for forming a thin-film battery by sequentially establishing at least first through fourth positions at pre- 
scribed intervals along the outer periphery of a cylindrical or columnar substrate as the substrate is rotated, so as to 
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form a first thin-film electrode in the first position, a first dielectric thin film in the second position in the region where the 
first thin-film electrode has been formed, a second thin-film electrode in the third position in the region where the first 
dielectric thin film has been formed, and a second dielectric thin film in the fourth position in the region where the sec- 
ond thin-film electrode has been formed, these steps being such that the films are first formed sequentially at pre- 

s scribed intervals of time and are subsequently continuously formed simultaneously, so that a four-layered laminate 
structure consisting of the first thin-film electrode, the first dielectric thin film, the second thin-film electrode, and the sec- 
ond dielectric thin film is spirally wound around the surface of the substrate; and an output electrode-forming step for 
forming first and second output electrodes on the first and second thin-film electrodes. 

The fourth of the present inventions is characterized by comprising a vacuum vessel equipped with: a substrate 

w support platform for rotatably supporting a cylindrical or columnar substrate; a cylindrical mask that has at least four 
slits formed parallel to the rotating shaft, and that is set up at a prescribed distance from the surface of the substrate; 
four targets for at least a first thin-film electrode, first dielectric thin film, second thin-film electrode, and second dielectric 
thin film, located in prescribed regions in the vacuum vessel corresponding to the four slits; and energy supply means 
for supplying energy rays to the targets, wherein particle beams scattered from the targets by the energy from the 

15 energy supply means pass through the slits of the mask and reach the substrate, resulting in the sequential formation 
of a four-layered laminate structure consisting of a first thin-film electrode, first dielectric thin film, second thin-film elec- 
trode, and second dielectric thin film spirally wound around the surface of the substrate. 

The fifth of the present inventions is characterized in that the thickness d of the dielectric thin films is established 
so as to be no more than 3 times a critical thickness d c at which the dielectric constant is proportional to the thickness, 

20 and the thin-film battery has a laminated structure of at least 100 laminated layers. 

Here too. Bao 5 Sr 0 5 Ti0 3 thin films, SrTi0 3 , and MgNb0 3 , as well as Pb 0 .99Nbo.o2(( Zn o.8Sn 0 .4)o.94"no.06)o.9803« 
Pb 0 .97Lao.o2 Zr o.66^ n o .24^0. 10O3. and other such antiferroelectric thin films are effective as dielectric thin films. 
The electrostatic energy which is stored in the capacitor structure is given by the following formula. 

25 E = 1/2 • (e r e 0 (S/d)) • (F • d) 2 (1) 

Where 

E: energy that is stored 
30 £ T : dielectric constant of dielectric 
eq: dielectric constant of vacuum 
S: capacitor surface area 
d: thickness of dielectric 
F: electrical field applied to dielectric 

35 

There are thus two methods for increasing the energy density: 

1. using a dielectric with a high dielectric constant; and 

2. increasing the electrical field applied to the dielectric. 

40 

Here, the maximum voltage applied to the dielectric is given by the dielectric breakdown voltage of the dielectric, and 
the dielectric breakdown voltage is known to increase exponentially with respect to the inverse of the thickness of the 
dielectric. 

The voltage applied to the capacitor can be increased because the dielectric breakdown voltage increases consid- 
45 erably when a capacitor is formed in this thickness region. 
In a CGS unit system, 

E(CGS) = (1/(2x9x10 11 ))(e r e 0 (S/d)) • (F • d) 2 (2) 

so Where 

E: energy (J) that is stored 
e,: dielectric constant of dielectric 
£o: dielectric constant (=1) of vacuum 
55 S: capacitor surface area (cm 2 ) 
d: thickness of dielectric (cm) 
F: electrical field applied to dielectric (V/cm) 

Here, the dielectric constant % of the dielectric is related as shown in Fig. 9 to the thickness of the dielectric. That is, 
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e r =e r (bulk)d^d c (3) 
e = A*dd£d, 



10 



15 



20 



The critical thickness d c differs depending on the material. A is a material constant. 

The maximum electrical field applied to the dielectric is given by the dielectric breakdown strength F max , except in 
the submicron thin film region. 

F m ax = B-d (n - 1 ' (4) 

The coefficient B and exponent n (0.3 to 1) in this formula differ depending on the material. 
When (3) and (4) are substituted for (2), the thickness dependency of the energy is given by the following formula. 

E(CGS) = (1/(2x9x10 11 ))(£ r (bulk)e 0 (B 2 6 -d 2n_1 )) d 2> d c (5) 

= (1/2x9x10 11 ))(e 0 A(B 2 )5-d 2n )) d £ d c (6) 

To determine the thickness dependency of the energy density stored in a capacitor, when N sets of laminated lay- 
ers are made, assuming the electrode thickness is the same as the dielectric thickness, then 

E(CGS)/gr = (1/(2x9x10 11 ))(e r (bull^e 0 (B 2 )(1/2p)d 2n ' 2 )) d ;> d c (7) 

= (1/2x9x10 11 ))(e 0 A(B 2 )(1/2p) -d 2n_1 )) d £ d c (8) 

25 Here, p is the average density of the dielectrics and electrodes. 

What is interesting is that f(d)=d 2n " 2 increases as the thickness d decreases in 0.5 < n £ 1 . That is, in Formula (7), 
the energy density increases up to the critical thickness d c . At or below the critical thickness, according to Formula (8), 
the energy density decreases. However, when n £ 0.5, f(d)=d 2n_1 increases as the thickness d decreases. This means 
that, when n £ 0.5 in (7) and (8), the energy density increases in both cases. 

30 In the case of submicron thin film regions, however, the dielectric constant of the dielectric is entirely the same as 
in Formula (3), but the dielectric breakdown strength F max begins to increase rapidly with decreases in the thickness of 
the thin film. This is also expressed by the exponential function of the thickness, but the exponent is different than that 
in Formula (4). 

35 F rnax = B'.d nM (9) 

The exponent n'-1 is usually negative. The dielectric breakdown voltage (V max ) is obtained by multiplying the film 
thickness. 

« V max = B'-d n ' (10) 

The exponent n' is also negative. When a thin-film capacitor is constructed in this film thickness region, the energy 
stored in the capacitor is greater the lower the thickness of the dielectric thin film. The film thickness dependency of the 
energy density at this time is similar to that in Formula (8). 



45 



E(CGS)/gr = (1/2x9x10 11 ))(e 0 A(B • 2 )(1/2p) -d 2fv1 )) d <; d c (11) 



Thus, based on (8) and (1 1), the dielectric breakdown voltage is exponentially dependent on the thickness of the 
dielectric, and this exponent should essentially be no more than 0.5. in order to increase the energy density of a thin- 
so film capacitor. 

Fig. 10(a) and (b) are graphs plotting the calculated F(d) =d 2rv2 and F(d) =d 2n * 1 . When d £ d c , the maximum 
stored energy density of a capacitor is increased simply by lowering the film thickness, but when d £ d c , depending on 
the selection of the exponent n, lowering the film thickness sometimes does not result in an increase in stored energy 
density, so the selection of the exponent n (the selection of a material having the exponent n) is important in order to 
55 increase the stored energy density with a compact size. 

It may thus be seen that, when the exponent is no more than 0.5, the thinner the dielectric thickness the greater the 
energy density. Since a reduction in the dielectric thickness also results in a lower capacitor volume, even laminated 
structures of 100 layers or more allow the energy that is stored to be dramatically increased without increasing the size. 
However, since the dielectric breakdown voltage decreases dramatically depending on the dielectric grain boundary 
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and the like, It is important to enhance the performance by the heteroeprtaxial formation of the dielectric thin films and 
thin-film electrodes. Additionally, tunnel current can no longer be disregarded as the dielectric thickness decreases, so 
tunnel current should be reduced by minimizing the overlap of wave functions as a result of combinations of different 
types of Fermi surface wave functions governing the electric conduction of the pairs of metal or conductive oxide thin- 
5 film electrodes sandwiching the thin films of high dielectric materials. 

In the first of the present inventions, the dielectric thin films have a thinness that cannot be realized in ceramic 
capacitors, allowing multiple layers to be made with low surface area and the stored energy density to be dramatically 
decreased. 

The thin-film battery has a muttilayered structure with two or more laminated layers, allowing the stored electrical 

10 energy to be greatly increased. 

The thickness of the dielectric thin films should be no more than 5 jim, and even more preferably between 0.1 and 
1 iim. The critical film thickness of the various dielectric thin films is no more than 5 (im and is used at or below this film 
thickness. A large-capacity thin-film battery with a high stored energy efficiency can be obtained by laminating thin-film 
batteries of 1 00 layers or more. 

is In the second of the present inventions, the dielectric thin film material and thickness are selected in accordance 
with the aforementioned conditions, and a four-layered laminate consisting of a first dielectric thin film, first thin-film 
electrode, second dielectric thin film, and second thin-film electrode is formed and is spirally wound around the surface 
of a cylindrical or columnar substrate, so as obtain an extremely compact thin-film battery with substantial stored 
energy. 

20 The substrate is preferably made of a lanthanum-strontium gal late (LaSrGa0 4 ) monocrystalline substrate, allowing 
the lattice constant to be made closer to that of the thin-film electrodes, allowing epitaxial growth to be achieved, and 
allowing the orientation to be enhanced and stored energy loss to be minimized. 

The first and/or second thin-film electrodes are preferably formed of any of Ca^xSrxRuOs (0.4 £ x £ 0.6), SrCr0 3 , 
Er^JNbfia (0^x^0.3), BaPb0 3 , YBa 2 Cu 3 07, Nd 2 -xSr x Cu0 4 (0.1 £x£0.5), La 2 .xSr x Cu0 4 (0.1 £x*0.5), and NbxSr-,. 
25 x Ti0 3 (0.0001 £ x £ 0.001), allowing the lattice constant to be made closer to that of the substrate to obtain thin-film 
electrodes with better orientation. The first and second thin-film electrodes may also be made of different materials on 
the positive and negative electrode sides. 

In the third and fourth of the present inventions, multilayered films are continuously formed in sequence to form lam- 
inated films with extreme ease in spiral form. The thickness of each layer can be regulated with extreme ease by regu- 
30 lating the rotating speed of the substrate support platform and the amount of energy supplied, allowing large-capacity 
thin-film batteries to be formed. 

In the fifth of the present inventions, a large-capacity thin-film battery can be formed using dielectric thin films hav- 
ing a thickness no more than 3 times the critical film thickness. 

An externally attached circuit is needed to extract current at a fixed voltage in thin-film batteries in which 
35 Belq 5 Sr 0 .5TiO 3p MgNb0 3 , or the like is used as the dielectric thin film, but since it is possible to extract a charge only at 
a constant voltage with antrferroelectric thin films, the voltage is necessarily constant, making such a circuit unneces- 
sary when batteries are manufactured using antiferroelectric thin films. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

Fig. 1 depicts a first example of the thin-film battery in the present invention; 
Fig. 2 depicts a manufacturing device for forming the same thin-film battery; 
Fig. 3 depicts a second example of the thin-film battery in the present invention; 
Fig. 4 depicts a manufacturing device for forming the same thin-film battery; 
45 Fig. 5 is an illustration of the same device; 

Fig. 6 illustrates the process for forming the same thin-film battery; 
Fig. 7 is an illustration of the same device; 

Fig. 8 is an illustration of the main parts of the same thin-film battery; 
Fig. 9 is an illustration of the critical thickness to describe the present invention; and 
so Fig. 10 is an illustration of the principles of the present invention. 

PEST MQPE FQP CARRYING QUT THE INVENTION 

Examples of the present invention are described in detail below with reference to the drawings. 
55 As shown in the exploded view Fig. 1 (a) and the elevation Fig. 1 (b), the thin-film battery is made by alternately lam- 
inating 10 6 times 0.1 ixm thick Nd 1 5 Ceo 5 Cu0 4 thin films as thin-film electrodes 9 and 0.1 jim thick Ba 0 5 Sr 0 5 T10 3 thin 
films 10 as the dielectric thin films on the surface of a strontium titanate (SrTi0 3 ) substrate 8, wherein the uppermost 
layer is used as a thin-film electrode 9, an electrical connection is made through output electrodes 1 1a and 12a, and 
the batteries are connected in series. 
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During the manufacture of the thin-film battery, a substrate holder 2 equipped with a heater is formed in a vacuum 
chamber 1 as shown in Fig. 2, and a device that is equipped with a mask exchange mechanism 3 with two types of 
masks for forming dielectric thin films and thin-film electrodes, a first target 4 consisting of the dielectric material and a 
second target 5 consisting of the electrode material, and an oxygen plasma gun 6 for radiating oxygen plasma onto the 
5 substrate 8 to be treated on the substrate holder 2 is used. A transmitting window 7 though which ultraviolet rays are 
transmitted is formed in the vacuum chamber 1, and light is guided from an ultraviolet ray laser on the outside of the 
vacuum chamber 1 onto the targets. Here, a movable mirror is used to adjust the laser light so that it selectively reached 
the targets 4 and 5 in sequence. Here, the laser light is 1 J/cm 2 , the repeating frequency is 10 Hz, and the substrate 
holder temperature is 700°C. 

w The 1 .6 cm long x 6.5 cm wide strontium titanate (SrTi0 3 ) substrate 8 is placed on the substrate holder 2 of the 
device, a mask for forming a thin-film electrode is selected by the mask exchange mechanism 3, and laser light is radi- 
ated onto the first target 4. At this time, clusters, ions, molecules, and electrons are scattered from the target surface, 
resulting in the formation of an Nd 1 5 Ce 0 CU5O4 thin film as a thin-film electrode 9. Oxygen plasma (oxygen flow rate of 
0.1 L/min, high frequency power of 50 W) is irradiated from the oxygen plasma gun 6 to smooth the surface of the thin- 

15 film electrode 9. This process results in a centerline mean roughness Ra of 0.5 nm. 

A mask for forming a dielectric thin film is then selected by the mask exchange mechanism 3, and laser light is radi- 
ated onto the second target 5. A 0.1 pm thick Bao.5Sr 0 .5Ti0 3 thin film is thus formed as a dielectric thin film 10, and oxy- 
gen plasma (oxygen flow rate of 0.1 L/min, high frequency power of 50 W) is again irradiated to smooth the surface of 
the dielectric thin film 10. This process results in a centerline mean roughness Ra of 0.5 nm. 

20 These processes are alternately repeated 1 0 6 times to laminate the layers, the uppermost layer is used as the thin- 
film electrode 9, an electrical connection is formed through output electrodes 1 1a and 12a as shown in Fig. 2, and a 
laminated capacitor type of thin-film battery is thus completed. 

When the thin-film battery thus formed is charged with 100 V, 5 x 10 8 J (= 1.4 x 10 5 Wh) energy can be stored. 
This energy corresponds to 40 L of gasoline for a gasoline automobile. The external battery volume is 10 cm x 10 cm 

25 x 20 cm, the weight is 1 2 kg, and the energy density is 1 .2 x 1 0 4 Wh/kg, which is 280 times that of normal storage bat- 
teries. 

A 1 .6 cm long x 6.5 cm wide battery manufactured by laminating 3 x 10 4 layers of dielectric layers according to the 
same method has a volume of 1 .6 cm x 6.5 cm x 0.6 cm and stored energy of 570 Wh when charged with 100 V, which 
is about 800 times the energy that is stored in conventional Ni-Cd batteries of the same size when charged with 1 .2 V. 
30 A laminated type of structure was given in the foregoing example, but the invention can also be adapted to thin-film 
batteries having single-layer structures, and since this is an extremely thin type of battery, a thin-film electrode, dielec- 
tric thin film, and thin-film electrode can be laminated via a buffer layer and integrated with the reverse side of a movable 
terminal. 

A second example of the present invention is described below. 

35 As shown in cross section Fig. 3, this thin-film battery is made by spirally forming a four-layered laminate consisting 
of a 0.1 nm thick Nb x Sr-|. x Ti0 3 thin film electrode 21a, a 0.1 jim thick Bao. 5 Sr 0 5 7i0 3 dielectric thin film 22a, a 0.1 pm 
thick NbxSr-,. x Ti0 3 thin film electrode 21b, and a 0. 1 jim thick Ba 0 .5Sro.5Ti0 3 dielectric thin film 22b around the surface 
of a cylindrical lanthanum-strontium gal late (LaSrGa0 4 ) substrate 16. 

During the manufacture of the thin-film battery, a rotatable cylindrical substrate holder 1 5 equipped with a heater is 

40 located in a vacuum chamber 19 as shown in Fig. 4, a roll-shaped substrate 16 is placed on the substrate holder 15, a 
cylindrical mask 1 7 having 4 slits S is placed in a location at a prescribed distance from the surface of the substrate 1 6, 
and a device equipped with first targets 13a and 13b consisting of NbxSr^TiOs (0.0001 £ x ^ 0.001) as the electrode 
material and second targets 14a and 14b consisting of Bao.5Sro.5Ti0 3 as the dielectric material and Nb x Sr 1 . x Ti0 3 
(0.0001 £ x £ 0.001) as the electrode material is used. 18 is a barrier for preventing clusters, molecules, and the like 

45 from being scattered from the first and second targets. A transmitting window 20 though which ultraviolet rays are trans- 
mitted is formed in the vacuum chamber 1 9, and light is guided from an ultraviolet ray laser on the outside of the vacuum 
chamber 1 9 onto the targets. Here, targets 1 3a, 1 3b, 1 4a, and 1 4b are irradiated with laser light, but the initial irradiation 
can be shifted in set increments of time. Here, the mask 17 has slits S1 through S4 parallel to the rotating shaft in four 
locations, and the slit width is adjusted according to the rotating speed of the substrate holder 15. As shown in Fig. 5, 

so the first thin-film electrode and first dielectric film and the second thin-film electrode and second dielectric thin film are 
sequentially formed in their respective locations by the particles transmitted through the slits S1 through S4, and are 
thus alternately laminated continuously in spiral form around the surface of the rotating substrate. Here, the laser light 
is 1 J/cm2, the repeating frequency is 10 Hz, and the substrate holder temperature is 700°C. 

The cylindrical lanthanum-strontium gal late (LaSrGa0 4 ) substrate 16 is placed on the substrate holder 15 of the 

55 device, the mask 17 and barrier 18 are set up, the substrate holder 15 is then rotated at a prescribed rotating speed, 
and the first target 13a begins to be irradiated with laser light first. At this time, clusters, ions, molecules, or electrons 
are scattered from the target surface and reach the substrate surface through the slit S1, and a 0.1 jim thick Nb x Sr,. 
x Ti0 3 thin film begins to be formed as the thin-film electrode 21a. Slightly later, when the beginning end of the dielectric 
thin film 21a reaches the location of the slit S2, the second target 1 4a begins to be irradiated with laser light. At this time, 
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a 01 )xm thick Bao. 5 Sr 0 5TIO3 thin film begins to be formed as the dielectric thin film 22a. Slightly later, when the begin- 
ning end of the thin-film electrode 22a reaches the location of the slit S3, the first target 1 3b begins to be irradiated with 
laser light. At this time, a 0.1 Jim thick NbxSr^xTiOa thin film is formed as the thin-film electrode 21b. Slightly later, when 
the beginning end of the thin-film electrode 21b reaches the location of the slit S4, the second target 14b begins to be 
5 irradiated with laser light. At this time, a 0.1 ^m thick Bao.5Sro.5TO3 thin film begins to be formed as the dielectric thin 
film 22b. Thin films are thus laminated in sequence by the continuing supply of clusters, atoms, or molecules from the 
slits (Fig. 6 is an illustration of the process; Fig. 6(a) illustrates the beginning of the process, and Fig. 6(b) illustrates the 
final process). Fig. 7 is a plan illustrating this. That is, as the substrate surface travels, each thin film is produced in suc- 
cessive zones. As shown in cross section Fig. 3, a four-layered laminate consisting of the thin-film electrode 21a, die- 
to lectric thin film 22a, thin-film electrode 21 b, and dielectric thin film 22b is thus formed in a spiral. 

Finally, as shown in Fig. 8 (the top film is omitted to elucidate the electrode output region), output electrodes 23a 
and 23b are attached to the thin-film electrodes 21a and 21b so as to complete the thin-film battery. 

In the foregoing example, the films were sequentially formed as the substrate was rotated, but the substrate may 
be composed of a thin insulating film; a three-layered film consisting of a thin-film electrode, dielectric thin film, and thin- 
15 film electrode may be continuously formed in sequence as the film is wound from a feed roll serving as a substrate 
holder onto a winding roll (a roll is formed while laminated, in the same manner as shown in Fig. 7); and a thin-film bat- 
tery in the form of a spiral similar to that depicted in Fig. 3 may be obtained. 

A thin-film battery consisting of multilayered films can thus be formed with extreme ease. 
The film thickness can be readily adjusted here too by adjusting the substrate rotating speed and the energy sup- 
20 plied to the targets. 

Suitable materials other than those used in the foregoing examples can be used as the electrode material and die- 
lectric thin film material. 

To improve the junction surface between the substrate and thin-film electrodes, materials with similar lattice con- 
stants may be selected or a layer of graduated composition may be interposed to alleviate differences in lattice con- 
25 stant. Because the dielectric constant differs depending on the axial direction of the crystals, dielectrics may be 
epitaxially grown in the direction in which the dielectric constant is greater. 

INDUSTRIAL APPLICABILITY 

30 The present invention allows a compact battery with high energy density to be provided. 

Claims 

1. A thin-film battery in which dielectric thin films are interposed between conductive films serving as electrodes to 
35 store electrical energy, characterized in that the dielectric thin films have a thickness established by the following 

formula 

E« d 2n - 1 

40 where E is the electrical energy that can be stored, d is the thickness of the dielectric thin films, and the exponent 
n is no more than 0.5. 

2. A thin-film battery as defined in Claim 1 , characterized in that the thin-film battery comprises a multilayered struc- 
ture of two or more laminated layers. 

45 

3. A thin-film battery as defined in Claim 1 , characterized in that the thin-film battery comprises a multilayered struc- 
ture of two or more layers laminated on the surface of a flat substrate. 

4. A thin-film battery as defined in any of Claims 1 through 3, characterized in that the dielectric thin films are antifer- 
50 roelectric thin films. 

5. A thin-film battery, characterized by comprising: 

a cylindrical or columnar substrate; 
55 a four-layered laminate structure consisting of a first thin-film electrode, a first dielectric thin film, a second thin- 

film electrode, and a second dielectric thin film, spirally wound around the surface of the substrate; and 
first and second output electrodes attached to the first and second thin-film electrodes, wherein the dielectric 
thin films have a thickness established by the following formula 
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E«d 2,v1 

where E is the electrical energy that can be stored, d is the thickness of the first and second dielectric thin films, 
and the exponent n is no more than 0.5. 

5 

6. A thin-film battery as defined in Claim 5, characterized in that the substrate is a lanthanum strontium gallate 
(LaSrGa0 4 ) monocrystalline substrate. 

7. A thin-film battery as defined in Claim 5, characterized in that the first and/or second thin-film electrode(s) com- 
10 prise(s) any of Bi 2 Sr 2 06. x (0 £ x £ 0.5), Ca^xS^RuOs (0.4 £ x £ 0.6), SrCr0 3 . Er^xNbxOa (0 £ x £ 0.3), BaPb0 3> 

YBa 2 Cu 3 07, Nd2-xSr x Cu0 4 (0.1 £ x £ 0.5), La 2 . x Sr x Cu04 (0.1 ^ x ^ 0.5), and NbxSr^xTiOa (0.0001 <; x <; 0.001). 

8. A thin-film battery as defined in any of Claims 5 through 7, characterized in that the dielectric thin films are antifer- 
roelectric thin films. 

15 

9. A method for manufacturing a thin-film battery, characterized by comprising: 

a battery-forming step for forming a thin-film battery by sequentially establishing at least first through fourth 
positions at prescribed intervals along the outer periphery of a cylindrical or columnar substrate as the sub- 
20 strate is rotated, so as to form a first thin-film electrode in the first position, a first dielectric thin film in the sec- 

ond position in the region where the first thin-film electrode has been formed, a second thin-film electrode in 
the third position in the region where the first dielectric thin film has been formed, and a second dielectric thin 
film in the fourth position in the region where the second thin-film electrode has been formed, these steps being 
such that the films are first formed sequentially at prescribed intervals of time and are subsequently continu- 
es ously formed simultaneously, so that a four-layered laminate structure consisting of the first thin-film electrode, 
the first dielectric thin film, the second thin-film electrode, and the second dielectric thin film is spirally wound 
around the surface of the substrate; and 

an output electrode-forming step for forming first and second output electrodes on the first and second thin-film 
electrodes. 

30 

10. A device for manufacturing a thin-film battery, characterized by comprising: 

in a vacuum vessel, 

a substrate support platform for rotatably supporting a cylindrical or columnar substrate; 
35 a cylindrical mask that has at least four slits formed parallel to the rotating shaft, and that is set up at a pre- 

scribed distance from the surface of the substrate; 

four targets for at least a first thin-film electrode, first dielectric thin film, second thin-film electrode, and second 
dielectric thin film, located in prescribed regions in the vacuum vessel corresponding to the four slits; and 
energy supply means for supplying energy rays to the targets, 
40 wherein particle beams scattered from the targets by the energy from the energy supply means pass through 

the slits of the mask and reach the substrate, resulting in the sequential formation of a four-layered laminate 
structure consisting of a first thin-film electrode, first dielectric thin film, second thin-film electrode, and second 
dielectric thin film spirally wound around the surface of the substrate. 

45 11. A thin-film battery in which dielectric thin films are interposed between conductive films serving as electrodes to 
store electrical energy, characterized in that the thickness d of the dielectric thin films is established so as to be no 
more than 3 times a constant critical thickness d c at which the dielectric constant is proportional to the thickness 
and is constant beyond that value, and the thin-film battery has a laminated structure of at least 100 laminated lay- 
ers. 

50 

1 2. A thin-film battery as defined in Claim 1 1 , characterized in that the dielectric thin films are antiferroelectric thin films. 
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